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Heavy hadron production at the Tevatron
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> Huge bb and cc cross section | x Background tracks

> Production of all heavy hadron ~ from fragmentation

species in fragmentation — High combinatorial
background

but

x Inelastic cross section
~103 times larger
than o(bb)
— Trigger: muon pairs,
displaced tracks




CDF Detector

Muon Chambers JJw—sutu Trigger
> Muon ID

Central Drift Chamber
> Momentum, mass
> PID

Silicon vertex tracker
> Lifetime

Time of flight — %
> PID - °

Calorimeters “‘4

> Electron ID




B. Mass ofe

 Only meson with two
different heavy quarks 10°L B k82002 2005

> Test of QCD models
and calculations

= Mass measurement
In J/ym decay channel

Entries per 10 MeV/c?

> Full reconstruction
« Update to 2.4 fb'!

 Significance > 8o 800 610 6.20 6.30 6.40 6.50
Mass(J/yn) GeV/c?

> M(B) = 6275.6 £ 2.9 (stat) = 2.5 (syst) MeV/c’




B_ Mass (IDEJ) ofe

> Full recon- T 40
struction S a5F DO, 1.3 fb™!
inJ/ymmmode & ¢ + P
=20 RL 107 0135
P ocuts I 257 1(200‘@
optimized on = +
B+ — J/yK+ 2 201
data and :>j 15 £ +
B. MC 10;_
e« 1.3 fb? -
: e 5§ | | | | | | ++ H+
* Significance %6 58 6 62 64 66 68 7 7.2

> S0 M(uur) [GeV/c?]
> M(B_) = 6300 £ 14 (stat) £ 5 (syst) MeV/c




B. Mass Results GC

> CDF and DO results

* CDF agree within1.6c

 Lattice QCD
[PRL 94, 72001 (2005)]

and NRQCD
************* [PRD 65, 034001 (2002)]:

CDF result

* Less precise than exp.

@ NRQCD

i liiiduiiiii1] = Progress on theory side
20 6340 6360 6380 6400 Welcome

M(B ) [MeV/c’]

11 | | I
6260 6280 6300 63




B_ Lifetime

- B_decay width has contributions from

> Decay of b quark

> Decay of c quark

> Weak annihilation
> I, =TI +1I_+1T,

« Spectator model expectation:
T(B.) < 7(BY*) = 1.5 ps
7(B.) < 7(D%*) = 0.4/1.0 ps

> Predictions: 7(B)) = 0.4 - 0.6 ps
[hep-ph/0308214 and references therein]
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B. Lifetime Measurement bC

Use inclusive decay B_ — J/y € X, with ¢ = e or u

v trigger on}/y — upu
> no lifetime bias
v high statistics

x partial reconstruction

CDF Run Il Monte Carlo
| Be—oJ/y+u+X

> have to model missing
momentum in decay time
reconstruction

> NO harrow mass peak ¢

> Understanding of backgrounds crucial 0:. SRR I

Jiyu Mass (GeV/c?)




Decay Time Reconstruction oe

o uut vertex fit - decay length L B
’- —
L L - m(BC) primary B >
t=— = d B
c /8’7 p( Bc) vertex veerc’cae))/( p( c)
L- m(Bc) p(Bc)
ct” = = ct - ~=ct/K CDF Run Il Monte Carlo
J [l p(J /e —
O T s o
e
= fmeas(ct™) = exp(—Kct* Jer) @ f(K) ®@res  £015¢
g
0.10-

o K-factor distribution from MC

> Branching ratios (mainly J/ytv, 005l
O(1%) J/wTv and @ (2S)Lv) _ L

> B, momentum spectrum 000 —F 55— 75

K Factor




Data Sample bC

. 1 fbl %10° CDF Run Il Preliminary: ~1 fb'
" JAy Signal = 5564.9(2.5) x10°
~ S/B=4.4in3.10+£0.50 GeV/c’

—h
-
o
o

5.5 million J/y

> Muon selection:
muon det., dE/dx

> 572 J/yu candidates

600 —

Events/(0.005 GeV/c)
(00)
S

> Electron selection: 400 -

E ,E _ ., dE/dx

em’ had’ i
200
« Veto conversion electrons [
by identifying partner track —— — B———

| B8 29 3.0 31 32 33

> 1935 J/ye candidates uu Mass (GeV/c)




Backgrounds sJe

Fake J/y
> Estimated from J/¢ mass sidebands

Prompt J/y from charm production plus lepton
> Prompt component in lifetime fit

J/y plus hadron faking a lepton
e u: decay-in-flight or punch-through
« e: hadron with electron like signature

bb events with J/y from one and lepton from other b quark

J/w plus conversion electron
> Estimated from conversion suppression efficiency




Fake Lepton Background

ole

* Proton, kaon, pion fake
probability measured

from A—pmr and
D°—Krmr data

 Particle fractions
determined from fit
to dE/dx, ToF

Number of fake events
and their ct® distribution
determined from
J/ly+track sample
weighted with fake rate

Electron Fake Rate

Events/(50 um)

CDF Run Il Preliminary: ~1 fb™

0.04=+—

_ —K
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I .
0.02- —p
0.01-

IIIII -
2 4
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* Hadron p; (GeV/c)

CDF Run Il Preliminary: ~1 fb™

102 F Jy+Fake e
- Data
10 & — Total Fit
F — J/y Signal
1L — Fake J/y
Fit prob. = 0.40
101
1021
1073 E
S 7 111 SRR i1 10 T N
-5000 0 5000

Pseudo-Proper Decay Length (um)

10

CDF Run Il Preliminary: ~1 fb™

@ | 2.0<p<2.5GeV/ Do
® r 2.0<p<ec.0 Gevic — Total Fit
§ 1400f — Pions
w1200 - — Kaons
r — Protons
1000 Electrons

Particle Fraction

*

S 16001 Q=-"1

dE/dx Z Pull

CDF Run Il Preliminary: ~1 fb™

I Q=-1 —— Pions
[ O<ct <150 um —— Kaons
i —— Protons

Electrons

.........

Third Track p (GeV/c)




bb Background OC
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CDF Run Il Preliminary: ~360 pb'

e Estimated from MC with

g 100__ —— Data
production process fractions 5 | T
. o) B avor creation
rewe|ghted to match = 80 Flavor Excitation (CTEQ 5L)
=~ - ——— Giluon Splitting (CTEQ 5L)
measured AC[)(J/([J,K) £ 5ol — Fake Jiy and Fake Muon
distribution S | Fitprob. = 0.41

N
o

 Normalized to B*—)/yK*

N
o

o
T

05 45 25
Jhy-u A¢ (rad.)




Lifetime Fit

ole

« Background yields
and ct” distributions

« Signal lifetime model
> Likelihood fit

> Systematic uncertainties:
« Resolution function:
« bb MC composition:

* Silicon detector alignment:

e Conversion estimate:

Jyu Jlpe
Fake J/y 141.5 = 8.4/ 315.2 £ 10.0
Prompt J/y fit fit
Fake lepton| 96.1 4.6 312.0x4.1
bb 77.5x7.9 2225 x11.2
Conversions 416.8 £ 41.5

3.8 um

2.4 um

2.0 um

1.5 um

1.3 um

« B. momentum spectrum:

> Total:

5.5 um




B_ Lifetime Result

ole

CDF Run Il Preliminary: ~1 fo'

10‘1%—/

107556

-2 1 [
-1000 O

- Data-Jiyp

—— Total Fit
— Signal

— Total Background

Fit prob. = 0.51

A
.

"N

N

A\

™

ct (B) =179.1 355
> Combined fit: ct(B_ ) = 142.5 *13§ (stat) = 5.5 (syst) um

N B T PR VI B A B L L
1000 2000 3000 4000
Pseudo-Proper Decay Length (um)

(stat) um

CDF Run Il Preliminary: ~1 fo''

% B - Data-J/ye
@ 10° 3 —— Total Fit
) - —— Signal
2 A2
§ 10 3 —— Total Background
= 0 _ Fit prob. = 0.70
1F I L
- N
107 \\
- N
10'2|||||||||||\||||||R||
1000 0 1000 2000 3000 4000

Pseudo-Proper Decay Length (um)
ct (B,) = 121.7 +1%9 (stat) um

http://www-cdf.fnal.gov/physics/new/bottom/080327.blessed-BC LT SemilLeptonic




B_ Lifetime Summary oe
CDF Run Il Preliminary: ~1f6"  « CDF and DO
Averaged for World Average measureme ntS
Combined for CDF Il Jiy+ (1 fb) agree well

— World Average

CDF Run |, J/y+l
DO, J/y+u (1.35 o)

CDF Run II, Jiy+e (1 o)

——

] | ] ] ] ] | |

CDF Run II, JAy+u (1 f0°)
CDF Run II, JAy+l (1 fo)

Average =137.7£11.0um

] | | | | | ] ] | ]

100

150

200 250 300
B, ct (um)

Lifetime of T1(B,) =
0.475 *3-833 (stat)

+ 0.018 (syst) ps
within predicted

range of 0.4-0.6 ps

Lifetime measure-
ment in J/y™ mode
In progress




X(3872) X

We know: > Charmonium -
» Decays to J/ym*m > Does not fit
00,0 _ )
(and D°D°®) - DD molecule Do
e Mass = 3872 MeV/c? > m(X) = m(D°) + m(D%)
« Narrow resonance > Mass measurement
* Jo =1 or 2 > 4-quark state ci
 Observed in B decays and > Two neutral states ‘Y (&3
prompt production in pp > Prediction cd

[PRD71,014028 (2005)]:
Am = 8 = 3 MeV/c?

- What is it? > Check for two peaks

We don't know:




J/wrt Data Sample X

_ CDF Il Preliminar 2.4 o’
e 2.4 b1 _ 4
. 4500
 Triggered by J/y—uu o, : X(3872)
< 4000
» Vertex fit with two o 2500 [
further tracks = S0
LO B
Ql 3000
CDF Il Preliminary 2.4 1! L -
i O 2500
oy 12000 - Se Q. - ol
S N il S
gmooo:— ¥(25) @ 2000 &, 2 2o
i o] N 8t
:2 8000 [~ O 1500 =5 2 ™
g)_ i © : g 1600:
g 6000 I % 1000 :_ g 1400
g 4000 O 500 :_ 3.85 3.86 3.87 3.88 3.89
'8 B Jhynr Mass (GeV/c?)
8 2000 O B | | | | | | | | | | | | | | | | | | | | | | | |
T 3.75 3.80 3.85 3.90 3.95 4.00

3.60 3.65 3.70 3.75 J /\|ITCT|: Mass (G eV /C2)

Jynn Mass (GeV/c?)




Selection

» Selection with neural network ——

« Variables: Q, p,(m), X2, muon ID, ...

= Background from sidebands,
signal from MC

= Check for bias with wrong-charge
candidates

» Cut on number of candidates —
per event

« Selection optimized on

significance N,,./ VN___
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— Selected \

_
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o
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Jhynn Mass (GeV/c?)
CDF Il Preliminary 241"
- Total
— Rejected
— Selected

3.4 3.6 3.8 4.0
Jhynr Mass (GeV/c?)




Mass Shape Fit

Maximum likelihood fit
« Background: 2" order polynomial
* Signal:

> Non-relativistic Breit-Wigner

 ['=1.34 = 0.64 MeV

(average of Belle/BaBar results in |/ decay mode
[PRL 91,262001; PRD 77,1111011])

> Resolution function

= Sum of two Gaussians
= Determined from MC

me(IS(m) — B\\T(F) b I‘eS(Ulj 02)




One-Peak Hypothesis Test X

 Expect broader peak in case of two states
> Scale width and resolution by fit parametert

I' =t o—to

« Test statistics t:
|s fitted value of t consistent ~

~ 1600 |- Measured Value

with hypothesis of one peak? S 00k

CDF Il Preliminary 2.4 fb
- Am = 0 MeV/c?

2000

1800

B 1000 -

« Generate pseudo gjizz_
experiments & .t
£ 800¢

« Take into account resolution g eop
I 400

correction by ~5%
determined from ¢ (2S)

200

O L | | | 1 | | | |
0.8 1.0 1.2 1.4

 Answer: yes Width Scale t




Two-Peak Hypothesis Test X

 |s fitted value of t consistent with hypothesis of two peaks
with mass difference Am and light state fraction f 7

 Generate pseudo experiments with two states (same shape)

CDF Il Preliminary 2.4 10" CDF Il Preliminary 241"
500 > 500 >
450 b AM = 3.2 MeV/c a5 b AM = 3.6 MeV/c
- f.=0.5 =
g 400 |~ Measured Value N o b 11= 05 Measured Value
) - Q -
© 350 [ o 350
2 300 3 Q 300
§2) - n o
2 250 : g 250 |
£ 200F € 200 -
© 150 - 5 -
o : :.)_ 150 |
w100 w100
50 90% 50 ,/ 95%
0 C | L | ) ) | ) . 0 C | | N ) . | | | |
0.8 1.0 1.2 1.4 08 1.0 1.2 1.4

Width Scale t Width Scale t




Limit on Mass Splitting

X

CDF Il Preliminary

2.4 fp!

51

b N\

Am (MeV/c?)
|

2 - = 95% C.L. Upper Limit

«  90% C.L. Upper Limit

O i | | | | | | | | | | | | | | | | | | |
0.0 0.2 0.4 0.6 0.8

Low-Mass Signal Fraction f1

1.0

> For equal mixture of
both states (f, = 0.5):

e AmM < 3.2 MeV/c?
at 90% C.L.

e AmM < 3.6 MeV/c?
at 95% C.L.

>

Belle: 6m = m(X|B*)-m(X|B°)
= (0.18+0.89+0.26) MeV/c?

> Disfavors
4-quark
model

http://www-cdf.fnal.gov/physics/new/bottom/080724.blessed-X-Mass

KIT



Mass Measurement

X

* Mass shape consistent with one peak - measure mass

« Unbinned likelihood fit

Systematic uncertainties:
* Fit model — negligible
« Momentum scale:

Candidates per 1.25 MeV/c?

8 387 388 3.
Jiynn Mass (GeV/c?)

= Check absolute scale on ¢(25):
m. (¢(2S)) = 3686.03 + 0.02 MeV/c?

m._(w(2S)) = 3686.09 + 0.04 MeV/c?

— 60 keV

mass shift @

1.0 ¢
0.8 ;
0.6 ?’_
0.4 ff
02!
-0.0 ?
02f
-0.4 f
-0.6 f
-0.8 f
-1.0 L

CDF Il Preliminary 2.4 1"
Jr Hﬂﬁ”ﬁlH """ J( mJ’ '
_..! ............... TR I* ....... |+ ....... H*

15
y(2S) P, (GeV/c)

= Dependence of ¢(2S) mass on kinematic var. —» 100 keV

> Total (scaled by Q value) — 190 keV




X(3872) Mass Result

X

m(X) = 3871.61 = 0.16 (stat) = 0.19 (syst) MeV/c?

X(8872) Mass Measurements in J/yrrt Mode

Belle —o—

3871.46 + 0.37 + 0.07 MeV/c?

BaBar (BY) I @
3871.30+ 0.60 + 0.10 MeV/c?

BaBar (B°) | ®

3868.60 + 1.20 + 0.20 MeV/c?

DO } @
3871.80 + 3.10 + 3.00 MeV/c?

CDF old i @
3871.30+ 0.70 + 0.40 MeV/c?

CDF new (preliminary)
3871.61+ 0.16 + 0.19 MeV/c?

average w/o new CDF result
3871.24 + 0.29 MeV/c?
average with new CDF result
3871.46 + 0.19 MeV/c?
m(D°)+m(D*°) [PDG]
3871.81+ 0.36 MeV/c?

3867 3868 3869 3870 3871 3872
X(3872) Mass ( MeV/c?)

I I I I I I
3866

3873

http://www-cdf.fnal.gov/physics/new/bottom/080724.blessed-X-Mass

Most precise
measurement

Consistent with
previous results

Improves
precision of
world average
by factor ~1.5

New average
0.35 MeV/c? (Do
(0.90) below (D¢
DD* mass




Summary @

B_ mass precisely measured bC
« Can theory catch up?

B_ lifetime measured in inclusive J/ytX decays

* Precision of measurement and predictions at similar level
« Measurement in exclusive J/ym™ mode in progress

Limit on X(3872) mass splitting determined
« 4-quark model disfavored X

X(3872) mass precisely measured

 Need more precise DD" mass for conclusion on molecule
model

« What else?




Backup




X(3872) Mass Splitting Limit

12 « Assume mass of
"« 95% C.L. Upper Limit one of the states
101 IS measured by
R - 90% C.L. Upper Limit B-factories in
Ng 8- B+ decays
o -
= -  Assume we
et measure average
< 4L mass of mixture
_ of two states

> Limit on mass
o difference

] | | | | | | ] ] | | |
0.2 0.4 0.6 0.8
Signal Fraction f,




